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ABSTRACT 

rj^ I Results of a detailed abundance analysis of the solar twins 16 Cyg A and 

(-H I 16 CygB based on high-resolution, high signal-to-noise ratio echelle spectroscopy 

Qh' are presented. 16 Cyg B is known to host a giant planet while no planets have 

O ■ yet been detected around 16 Cyg A. Stellar parameters are derived directly from 

'^ ' our high-quality spectra, and the stars are found to be physically similar, with 

^ ■ AToff = +43 K, A log^ = -0.02 dex, and A^ = +0.10 km s'^ (in the sense of A 
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— B), consistent with previous findings. Abundances of 15 elements are derived 
and are found to be indistinguisfiable between tlie two stars. Tfie abundances of 
eacfi element differ by < 0.026 dex, and tlie mean difference is +0.003 ± 0.015 
[a) dex. Aside from Li, wfiicfi lias been previously shown to be depleted by a 
factor of at least 4.5 in IGCygB relative to 16CygA, the two stars appear to 
be chemically identical. The abundances of each star demonstrate a positive 
correlation with the condensation temperature of the elements (Tc); the slopes of 
the trends are also indistinguishable. In accordance with recent suggestions, the 
positive slopes of the [m/H]-Tc relations may imply that terrestrial planets have 
not formed around either 16 Cyg A or 16 CygB. The physical characteristics of the 
16 Cyg system are discussed in terms of planet formation models, and plausible 
mechanisms that can account for the lack of detected planets around 16 Cyg A, 
the disparate Li abundances of 16 Cyg A and B, and the eccentricity of the planet 
16 CygB b are suggested. 

Subject headings: planetary systems:formation - stars:abundances - stars: atmospheres 

- stars:individual(16 Cyg A, 16 Cyg B) 



1. INTRODUCTION 



16 Cyg A and 16 CygB are a well known common proper-motion pair of solar-twin stars 
with spectral types G1.5V and G3V, respectively. Stellar para meters and [Fe/H] abun- 



danc e s of the pair haye been derived by numerous groups (e.g.. iGravl ll994J : iFernley et al. 



1996: Fuhrmann et al. 1998: Laws fc Gonzalez 2001: Takeda 2005), and the abundances of 



additional elements have been derived by others (e.g., 



2003 



Friel et al 



Feltzing fc Gustafssonlll998l : IConzalezlEggJ : IPelivannis et al.lboooi 



19931: 



King 



Takeda et al 



et a 



2001 



199 



i 



Reddy et al. 



Galeev et al.l 120041 ). In each study, 16 Cyg A and B have been found to be physically 



similar, with A being slightly hotter and having a slightly lower surface gravity than B, con- 
sistent with their spectral types. Differences in the derived stellar parameters in the sources 
listed above range from +25 to +62 K in T^s, -0.03 to -0.15 dex in logg, and to +0.05 dex 
in [Fe/H] (all comparisons herein are made in the sense of A — B). 

A defin ing property d i stingu ishing the two stars is the designation of 16 CygB as a 
planet host. I Cochran et al.l (119971 ) reported the presence of a radial- velocity detected planet 
(16 CygB b) with Msini = 1.5 Mjup orbiting 16 CygB on an eccentric orbit (e = 0.63), but 
despite being monitored with the same temporal coverage, no planet was detected around 
16 Cyg A. Continued radial- velocity monitoring has yielded no additional planet signatures 
for either star (D. Fischer, private communication). Imaging observations, however, do 
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indicate that 16CygA has a faint M dwarf binary companion with a separation of ~ 3'' 
correspon ding to projected separation of ~ 70 AU a t the measured distance of the system 



(~ 22 pc: iHauser fc Marcvl Il999l : iTurner et all 1200 ll : IPatience et al.l 120021 ) . Whether these 
two objects are gravitationally bound has yet to be determined firn ily, but initial prope r 
motion measurements do suggest that they are physically associated ( jPatience et al.l 120021 ) . 



Friel et al.l ( 1l993l ) and subsequently iKing et al.l (119971 ) found that IGCygA and B dif- 



fer in another fundamental way: their Li abundances. The photospheric Li abundance of 
16CygB is a factor > 4.5 lower than that of 16CygA. While both stars are depleted i n 
Li relative to the Solar System's meteoritic value (logA^(Li) = 3.26; lAsplund et al.ll2009l ). 
the Li abundance of 16CygA (logA^(Li) = 1.27) is slightly higher and that of IGCy gB is 
lower (logA^(Li) < 0.60) than that of the Sun (logiV0(Li) = 1.05) king et al.lll997l ). The 
difference in the Li abundances of 16CygA and B cannot be explained by standard stellar 
models, which predict Li depletion is a function of stellar age , mass, and comp osition; em- 
pirical evidence suggests that an extra parameter is needed. iKing et al.l (119971 ) argue that 
a slow mixing mechanism, possibly related to rotation, can account for the low absolute Li 
abundances of both stars, and they discuss a possible connection between Li depletion and 
planet formation as an explanation for the difference between the two. More recently, others 
have also argued that an extra parameter (beyond st andard models) is nee d ed to account for 



the ob served Li abundances of solar-type stars (e.g.. iPasquini et al.ll2008l ). iDeliyannis et al. 
(I2OOOI ) note that the Li-Tefj trend could be quite steep for solar twins, consistent with the 16 
Cyg A - Sun - 16 Cyg B pattern, so that even if initial angular momentum (Jq) and rota- 
tional history do p lay the role of the extra parameter, Jq need not be unreasonably different 
between A and B. IDeliyannis et al.l (120001 ) also found that the Be abundances of 16 Cyg A 
and B are the same within the measurement uncertainties, placing an additional constraint 
on the mechanism responsible for the disparate Li abundances. 

In this Letter we present the results of a detailed abundance analysis of 15 elements of the 
solar twins 16CygA (HR7503, HD 186408, HIP 96895) and 16CygB (HR7504, HD 186427, 
HIP 96901) based on high-resolution echelle spectroscopy. The abundances allow us to con- 
strain more fully the physical similarities of the two stars, and the implications for Li deple- 
tion and planet formation in this system are discussed. 



DATA AND ANALYSIS 



Abundances of 15 elements have been derived from high-resolution, high-signal-to-noise 
ratio (SNR) spectroscopy of 16 Cyg A and B obtained with the 10-m Keck I telescope and 
HIRES echelle spectrograph (UT 1994 July 30). The spectra are characterized by a nominal 
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resolution oi R = A/AA = 45, 000 and SNR at the continuum near A6700 of 750 and 1050 
for IGCygA and 16CygB, respectively. A solar spectrum (Moon) was also obtained an d 
has a SNR of 1500 near A6700. The data are the same as those used by iKing et al.l (119971 ). 
in which the observations, calibration scheme, and data reduction are fully described. 



An updated version of the LTE spectral analysis package MOOG (ISnedenI Il973l ) was 
used for the abundance analysis. All abundances are derived from equivalent width (EW) 
measurements of atomic lines and the measurements were rnade u sing the one- dimensional 
spectrum analysis package SPECTRE (JFitzpatrick fc Snedenlll987l ). Carbon abundances are 
also derived by using the synthesis method to fit the observed spectra of two features (A5086 
and A5135.6) of the C2 Swan system. Stellar parameters were derived using excitation and 
ionization balance of Fe I and Fe II lines in the usual manner. 



Our abundance and error analyses follow exactly those described in lSchuler et al.l (I2OIII ). 
where a more detailed description of the procedures can be found. Final abundances- given 
relative to solar abundances derived from our solar spectrum- stellar parameters, and un- 
certainties for 16CygA and B are given in Tabled! The adopted line list, equivalent width 
measures, and line-by-line abundances of each element for the Sun, IGCygA, and 16CygB 
are provided in Table [2l 



3. RESULTS & DISCUSSION 



The stellar parameters shown in Table (H we find IGCygA and B to be physically 
similar, with A being slightly hotter and having a slightly lower surface gravity than B. 
The differences in parameters are ATgfj = +43 ± 45 K, A log (7 = —0.02 ± 0.17 dex, and 
A,^ = +0.10 ± 0.11 km s~^. While the parameters are the same within the uncertainties, 
previous studies find consistently that IGCygA is slightly hotter and has a lower surface 
gravity than 16CygB, suggesting that the small parameter differences are real. 

The [Fe/H] abundances are found to be indistinguishable within uncertainties, with 
A[Fe/H] = +0.018 ± 0.025 (a) dex, in agreement with previous studies. The difference in 
the Fe abundance, A [Fe/H], is the average of the line- by-line abundance differences of the 
Fe I and Fe II line s (difference of each indi vidual line), as opposed to the difference in the 
mean abundances. iLaws fc Gonzalea (J200ll ) carried out a differential Fe abundance analysis 
of 16 Cyg A and B and found A to be enhanced in Fe relative to B by 0.025 ± 0.009 dex. 
However, iTakedal (120051 ) conducted a similar differential analysis and found the metallicities 
to be identical at a level of < 0.01 dex. Tak eda also pointed out a possible systematic 



error in the analysis of iLaws &: Gonzalez! (120011 ) that could account for the different results 
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Abundances of the remaining elements derived here are also found to be indistinguishable, 
as seen in Table [1] and shown graphically in Figure [H The abundance differences shown in 
Figure [Hare the means of the line- by-line differences for each element. The mean abundance 
difference of all elements is -1-0.003 ± 0.015 (a) dex, with no element abundance differing by 
more than 0.026 dex between the two stars. 

Given the marked agreement in the abundances of IGCygA and B for the 15 elements 
studied here, it seems likely that these two binary compo nents are chemica lly identical save 
the factor of > 4.5 difference in their Li abundances (JKing et al.l 119971 ). The chemical 
homogeneity suggests that the Li abundance difference is not primordial but rat her due to 
some physical process during the lifetime of the system. iLaws &: Gonzalez! (l200ll ) suggested 
th at accretion of planetary rn aterial by A could explain its enhanced Li abundance relative to 
B. iBaraffe &: Chabrierl ( 120101 ) have alternatively demonstrated that episodic accretion onto 
a young star can affect its internal structure and increase its core temperature, resulting in 
enhanced surface Li depletion. The similar chemical compositions of 16CygA and B argues 
against any differential accretion onto either of the stars having occurred. 

The disparate Li abundances of 16 Cyg A and B are more likely the result of rotationally- 
induced mixing and differences in angular momentum evolution. iKing et al.l ( 119971 ) argue 
that non-standard slow mixing on the main sequence, possibly related to rotation, can ac- 
count for the stars' low absolute Li abundances. The difference in the Li abundances of 
16 C yg A and B would t hen be due to differences in Jq and/or the rates of angular momentum 
loss. King et al.l (Il997l ) suggest that planet formation could affect the angular momentum 
evolution of the host star. Recent raodeling efforts do indee d demonstrate the plau s ibility 
of this assertion (e.g., lBouvierll2008l : JEggenberger et al.ll2010l ). For instance, JBouvieri (120081 ) 
shows that shear-induced turbulence due to core-envelope decoupling can result in enhanced 
Li depletion in solar-type stars and that stars with slow rotation rates on the zero-age main 
sequence (ZAMS) have longer core-envelope coupling timescales than fast rotators. Slow ro- 
tators are thus expected to deplete more Li than fast rotators. Bouvier further demonstrates 
that, compared to stars with short-lived circumstellar disks, stars with longer-lived disks will 
experience more angular momentum loss via magnetic star-disk interactions and will arrive 
on the ZAMS as more slowly rotating stars and thus have lower Li abundances. 

This could explain, at least qualitatively, why two otherwise physically similar and 
chemically homogeneous stars such as 16 Cyg A and B could have significantly different Li 
abundances. Whereas the presence of a massive planet orbiting 16 Cyg B evidently requires 
a disk with a lifetime sufficient to form such a planet, the lack of a detected planet orbiting 
16 Cyg A suggests that, if this star had a disk, its p hysical properties w ere such that planet 



formation was inhibited. Both observational (e.g., jjensen et al.l Il996l ) and computational 
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[e.g., iMayer et al.ll2005l ) studies suggest disk structure and as a result planet formation are 
disrupted in binary systems with separations less than 100 AU. If the disk of 16 Cyg A was 
truncated by its M dwarf companion, determined to be at ~ 70 AU, its shorter lifetime 
compared to the planet-forming disk of 16 Cyg B may have resulted in less Li destruction. 
While the lower Li abundance of 16 CygB relative to 16 Cyg A is consistent with this scenario, 
results of observational studies aimed at tying enhance d Li depletion to the presence of 



planets have not reached a consensus on the matter (e.g.. llsraelian et al.ll2009l : iGhezzi et al. 



2010l : iBaumann et al.ll2010l ). Nonetheless, the case of 16 Cyg A and B is intriguing as it may 
be an ideal system for further studies of the possible connection between binarity, planet 
formation, and Li depletion. 



3.1. Abundance Trends with Condensation Temperature of the Elements 

The fact that no planet has heretofore been discovered around 16 Cyg A does not 
preclude the existence of a planet orbiting this star. However, the chemical composition 
of 16 Cyg A an d B rn ay place additional constraints on the existence of such a planet. 
Melendez et al.l (120091 ) have demonstrated that the Sun is deficient in refractory elements 
relative to volatile elements compared to a sample of solar twins. Moreover, the deficien- 
cies are correlated with the condensation temperature of the elements (Tr ) such that the 



abundances of refractory elements (Tc> 900 K) decrease with increasing T^. iMelendez et al. 



(120091 ) suggest that the abundance pattern is due to du st condensation and terrest rial planet 
formation in the proto-solar nebula. Follow-up studies (JRamirez et al.ll2009l . 120101 ) including 
larger samples of solar twins and analogs found that the abundance patterns of ~ 85% of 
the stars analyzed differ from the Sun, i.e., they have increasing abundances of refractory 
elements as a function of T^. The authors speculate that the remaining ~ 15% with fiat or 
decreasing trends are potential terrestrial planet hosts. 

We have recently extended the analysis of abundan ces versus T^ trends to a sample of 
10 stars known to host giant planets (jSchuler et al.ll201ll ). The slopes of linear least-squares 
fits to the [m/H]-Tc trends were comp ared to similar slopes for a sample of 121 stars with 
and without known giant planets from lGonzalez et al.l (J2010l ): the distribution of slopes as a 
function of [Fe/H] for this larger sample was taken as the general trend arising from Galactic 
chemical evolution. Four of the 10 stars in our sample have very close-in giant planets (three 
at 0.05 AU) and are found to have positive slopes that fall above the general trend defined by 
the Gonzalez et al. data. These stars are speculated to have accreted refractory-rich planet 
material sometime during the evolution of their planetary systems. Abundance trends with 
Tc then may not only indicate the presence of terrestrial planets but also provide clues 
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to th e architecture of a p lanetary system and/or evolution thereof. The remaining six stars 
from lSchuler et al.l (120 ll[ ) have negative slopes, possibly indicating the presence of terrestrial 
planets, but the slopes fall along the general trend of Galactic chemical evolution and thus 
may not be related to planet formation. 

The abundances of 16 Cyg A and B are plotted versus Tc in Figure [2l Only the refractory 
elements (Tc> 900 K) are considered, because it is among t hese elements that the putative 
planet signature has been det e cted (JMelendez et al.l 120091 ) . The abundances are plotted 
against 50% Tc from iLodderd (120031 ). Slopes of linear least-squares fits are positive and 
identical within the uncertainties: m\ = 5.77 ±2.08 x 10~^ dex K~^ and me = 4.42 ±1.94 x 
10~^ dex K~^ for 16 Cyg A and 16 Cyg B, respectively. 

Positive s l opes in the [m/H]-Tc relations for 16 Cyg A and B, in the interpretation of 
Ramirez et al.l ( 120091 ). imply that these solar twins are not terrestrial planet hosts. Continued 
RV monitoring have failed to yield additional planet signatures for either 16 Cyg A and B, but 
the sensitivity of th e ground-based RV observ ations may not be sufficient to detect small 
terrestrial planets. IWittenmyer et al.l (J2007bl ) investigated the likelihood that additional 
planets could survive in the 16 Cyg B system given the large eccentricity of 16 Cyg B b. 
Using test-particle simulations, they found that particles only remained in stable orbits 
inside 0.3 AU, leaving open the possibility that short period planets may exist in this system. 
However, combining the numerical simulations with RV monitoring data, planets with masses 
M sin z > 2 Neptune mass with periods of less than about 100 days (roughly corresponding 
to a = 0.3 AU) can be excluded at the 99% confidence level. 

The physical process(es) responsible for the large eccentricities characteristic of many of 
the known extrasolar planets, including 16 CygB b, is currently not well constrained. Planet- 
disk interactions have been investigated, but simulations generally result in the dampening 
of or bital eccentricities an d do not reproduce the observed planet eccentricity distribution 
(e.g., iBitsch fc Kleyll2010[ ). An alternative explanation is dynamical instabilities resulting 
from planet-planet scattering. Simulations of multi-planet systems can produce planets 
with highly eccentric orbits, and more imp ortantly, they can reproduce the observed extra- 
solar planet eccentricity distribution (e.g., iFord &: Rasiol 120081 : [Raymond et al.ll2009l ). For 
16 CygB b, 16 Cyg A may be the culprit. Secular interactions with a distant stellar com- 
panion have been shown to produce long-period oscillations in the e ccentricities of a plane t 
orbiting the compari ion b inary star (the so ca lled Kozai mechanism; iTakeda fc Rasiol l2005l ). 
Holman et al.l (119971 ) and iMazeh et al.l ( 1l997l ) have independently demonstrated that such a 
mechanism is plausibly responsible for the large eccentricity of 16 CygB b. 

A possible consequence of induced eccentricity enhancement is the ejection of disk or 
planet material in the inner region of the system, disrupting terrestrial planet formation. 



Simulations testing the effects of giant planets with eccentric orbits on the formation of 
terrestrial planets generally show a near cor aplete clearing out of inner planetary naateria l 
and thus no te rrestrial planet formati on (e.g.. lVeras fc Armitagell2005uRaymond et al.ll201ll ). 
In particular, iRaymond et al.l ( 120111 ) reported that in simulations in which a giant planet 
scattered to a minimum periastron distance of < 1.3 AU, all of the terrestrial material in 
those systems was destroyed. Extending this result to IGCygB b, the periastron of which 
is Tp = 0.52 AU based on the rnost recently derived orbital parameters (e = 0.689 and 



a = 1.68 AU; IWittenmyer et al.ll2007al ). no terrestrial planet material would be expected to 
have survived around 16 CygB. This is consistent with the implication of the positive slopes 
in the [m/H]-Tc relations for 16CygA and B. 



4. Conclusions 



We have presented the results of a detailed abundance analysis of the solar twins 
16 Cyg A and B, the second of which is host to a giant planet. Aside from a factor of ~ 4.5 
difference in Li abundances, the two stars are found to be otherwise chemically identical 
based on the 15 elements considered. Slopes in the [m/H]-Tc relations are also statistically 
identical and are another indication that 16 Cyg A and B are chemically homogeneous. The 
stark consistency of the compositions of these stars suggest that the physical process(es) re- 
sponsible for the enhanced Li depletion in B did not alter the abundances of other elements. 
This argues against any kind of accretion related mechanism and supports differences in 
internal mixing efficiencies possibly related to different angular momentum evolutions as the 
most likely explanation for the disparate Li abundances. Enhanced Li depletion in B can be 
plausibly tied to the presence of its giant planet, as predicted by rotational stellar evolution 
models; however, the mixed observational results regarding Li abundances of planet host 
stars cloud this issue. More work is clearly required to understand how star-disk interactions 
and/or planet formation does or does not increase Li depletion in planet host stars. 

The chemical homogeneity of 16 Cyg A and B, combined with the heretofore lack of de- 
tected planets around 16 Cyg A, further suggests that the planet formation process did not 
affect the bulk composition of 16 CygB. Since the discover y that stars with gian t planets tend 
to be more metal-rich than st ars without known planets ( lGonzaleall997l . Il998l : ISantos et al. 
2004 : Fischer &: Valentill2005l ). countless abundance studies of host stars have aimed to iden- 
tify possible chemical vestiges of the planet formation process. As described above, Li may 
be one of these. As for the overall metallicity of planet hosts, the result for 16 Cyg A and B 
adds to the considerable evidence indicating that the planet-metallicity correlation for stars 
with giant planets is intrinsic in nature and does not arise from processes, such as accretion 
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of solid-body material, associated with the formation and evolution of giant planets. Fur- 
thermore, it appears that the abundances of individual elements heavier than Li (with the 
possible exception of Be and B, the abundances of which can also be dep leted by internal 



mixing mechanisms, depend ing on the depth and efficiency of the mixing; iDeliyannis et al. 



19981 : iBoesgaard et al.l 120051 ) are also not affected by planet formation, at least in systems 



like leCygB. 

The physical characteristics of 16 Cygni make it an ideal system to test and constrain 
planet formation models. Most tellingly, the conditions necessary for planet formation ap- 
parently were present for 16CygB but not 16CygA, despite their physical and chemical 
similarities. We have discussed empirical and computational results that can possibly ac- 
count for the observed characteristics of the system, including the lack of a detected planet 
around 16CygA, the enhanced Li depletion of 16CygB, and the eccentricity of the planet 
16CygB b, and that imply that neither 16CygA nor 16CygB is a terrestrial planet host. 
Future efforts that can combine all of these attributes into a single model will represent a 
significant achievement in understanding the formation and evolution of planetary systems. 
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Fig. 1. — Abundance differences between 16 Cyg A and 16 CygB plotted against atomic num- 
ber {Z). Tlie six-pointed stars represent tlie abundances of Ti II and Fe II. Tlie abundance 
difference for eacli element is the mean of the line-by-line abundance differences and is thus 
independent of the solar abundances; error bars are the standard deviations of the means. 
The solid line is drawn at A[m/H] = 0.003, the mean abundance difference of all elements. 
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Fig. 2. — Relative abundances as a function of condensation temperature of the elements. 
Abundances of 16 Cyg A and B are plotted as black and red points, respectively. The solid 
lines are linear least-squares fits to the data and have positive slopes that are indistinguish- 
able: tua = 5.77 ± 2.08 x 10"^ dex K"^ and ms = 4.42 ± 1.94 x 10"^ dex K'^ for A (black) 
and B (red), respectively. 
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Table 1. Stellar Parameters & Abundances 



Parameter** 



leCygA 



leCygB 



Teff (K) 


5796 ±34 


5753 ±30 


log^ (cgs) 


4.38 ±0.12 


4.40 ±0.12 


e (km s-i) 


1.45 ±0.07 


1.35 ±0.08 


Fe/H ... 


+0.07 ±0.01^ ±0.05^ 


±0.05 ±0.01 ±0.05 


C/H .... 


±0.10 ±0.03 ±0.05 


±0.08 ±0.03 ±0.05 


Na/H .. 


±0.07 ±0.00 ±0.03 


±0.07 ±0.00 ±0.03 


Mg/H] .. 


±0.07 ±0.04 ±0.05 


±0.07 ±0.04 ±0.03 


Al/H ... 


±0.11 ±0.02 ±0.03 


±0.10 ±0.02 ±0.03 


Si/H] ... 


±0.09 ±0.01 ±0.01 


±0.07 ±0.01 ±0.01 


Ca/H .. 


±0.08 ±0.01 ±0.04 


±0.07 ±0.01 ±0.04 


;sc/H] ... 


±0.12 ±0.01 ±0.07 


±0.10 ±0.01 ±0.07 


Ti/H ... 


±0.10 ±0.01 ±0.07 


±0.11 ±0.01 ±0.07 


V/H] .... 


±0.06 ±0.02 ±0.04 


±0.07 ±0.02 ±0.04 


Cr/H ... 


±0.08 ±0.02 ±0.04 


±0.08 ±0.02 ±0.03 


Mn/H] .. 


±0.07 ±0.03 ±0.04 


±0.08 ±0.03 ±0.04 


Co/H] .. 


±0.08 ±0.02 ±0.04 


±0.09 ±0.02 ±0.03 


Ni/H] ... 


±0.09 ±0.01 ±0.02 


±0.08 ±0.01 ±0.02 


Zn/H ... 


±0.10 ±0.02 ±0.04 


±0.10 ±0.02 ±0.03 



^Adopted solar parameters: T^s = 5777 K, logg = 4.44, and 
^ = 1.38 km s'^. 



"^(^Totai- quadratic sum of a^ and uncertainties due to uncer- 
tainties in Teff, log (7, and S,- 



Table 2. Lines Measured, Equivalent Widths, and Abundances 





A 

(A) 


X 
(eV) 


loggf 


EWo 


lOgiVg 


leCygA 


leCygB 


Ion 


EW 


log AT 


EW 


logA^ 


CI 


5052.17 


7.68 


-1.304 


31.8 


8.43 


39.6 


8.56 


37.0 


8.54 




5380.34 


7.68 


-1.615 


19.8 


8.46 


25.0 


8.58 


22.7 


8.55 




6587.61 


8.54 


-1.021 


13.5 


8.41 


18.5 


8.57 


16.7 


8.54 


Nal 


5682.63 


2.10 


-0.700 


105.0 


6.21 


109.7 


6.29 


110.2 


6.27 




6154.23 


2.10 


-1.560 


38.4 


6.29 


42.7 


6.36 


44.5 


6.37 




6160.75 


2.10 


-1.260 


58.1 


6.26 


62.9 


6.33 


64.2 


6.33 


Mgl 


4730.03 


4.35 


-2.523 


74.1 


7.91 


80.0 


8.00 


80.3 


7.99 




5711.09 


4.35 


-1.833 


104.3 


7.60 


106.7 


7.64 


108.6 


7.66 



Note. — Table 2 is published in its entirety in the electronic edition of The Astrophysical 
Journal Letters. A portion is shown here for guidance regarding its form and content. 
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